Introduction
Gap junction genes comprise large gene families. Among vertebrates, 21 connexins (Cxs) are found in most mammalian genomes, and at least 37 have been documented in zebrafish (Cruciani and Mikalsen, 2007) . Among invertebrates, 25 innexins (Inxs) have been reported in Caenorhabditis elegans (Phelan et al., 1998) , where a detailed expression analysis mapped dynamic developmental expression of Inxs to virtually all cell types and tissues (Altun et al., 2009) . By contrast, only eight Inx genes are present in Drosophila, but multiple-splice isoforms expand that number substantially (e.g., the ShakB gene gives rise to five possible transcripts; . Our recent sequencing of the genome of the medicinal leech has revealed 21 different Inx genes (Kandarian et al., 2010) .
Why are there so many members of the Cx and Inx gene families? Most cell types are known to express more than one gap junction gene, and gap junction composition of the channels is believed to define the properties of the channels, such as their selectivity for small molecules and their gating characteristics (Maeda and Tsukihara, 2011) . The hexameric composition of the gap junction hemichannel can be either homomeric or heteromeric, and the docking between two apposing cells to form a gap junction channel is coordinated by the two extracellular loops of each of the individual Cx or Inx proteins comprising the hemichannel. Accumulating evidence from functional studies using paired Xenopus oocytes and transfected cell lines suggests that this docking is selective and that heterotypic gap junction channels can form only between compatible gap junction proteins (Dahl et al., 1992; Elfgang et al., 1995; White et al., 1995) .
But can the Inx or Cx composition of the gap junction itself be a critical determinant of which groups of cells become interconnected during the development of a nervous system? It has been speculated that the selective expression of different proteins might provide a means of patterning synaptic connections (Starich et al., 2009) . However, to date no direct evidence for such a selection process has been reported.
Segmental ganglia in the medicinal leech Hirudo verbana contain ϳ400 neurons and 8 large glial cells (Kuffler and Potter, 1964; Macagno, 1980; Muller et al., 1981 Kandarian et al., 2012) . Two (Hve-inx1 and Hve-inx14 ) are expressed pan-neuronally, and the remainder are expressed by unique small subsets of cells. Here we explore whether ectopic expression of a specific innexin can enable a neuron's novel participation in pre-existing gap junction-coupled cellular networks.
Materials and Methods
Experimental animals. Hermaphroditic medicinal leech embryos were obtained from breeding colonies maintained at 22°C in our laboratory and that of Professor William Kristan at University of California San Diego, and staged according to established criteria (Fernández and Stent (1982) . At this temperature, embryonic day 0 (E0) is defined as the day of cocoon deposition and E30 as the day of emergence of the juvenile animal from the cocoon. Expression experiments were performed on embryos beginning at days 12 through 17. Experimental animals and controls were allowed to develop for an additional 2-7 d before they were fixed, mounted in glycerol, and examined using a confocal microscope (Zeiss LSM 510). Macagno, 2006) . B, Transgene expression of INX6 in a Leydig (LY) cell for 48 h, followed by Neurobiotin injection, shows strong tracer coupling to the S-CI circuit (E18). The Leydig cell's normal coupling with just its homolog is also detectable (arrowhead). C, Ectopic expression of INX6 in a P neuron in a late embryo (E26, 11 d after expression) revealing tracer coupling to the S-CI. Arrow indicates an unidentified neuron expressing INX6, which does not show tracer coupling with the network. D, Ganglion from a young juvenile animal 21 days after expressing INX6 in a Retzius (R) neuron reveals that tracer coupling with the S-CI network can be maintained for at least three weeks. Arrowhead points out the R homolog, showing normal tracer coupling. E, As a control, transgene expression of INX1 in the R cell does not alter its normal pattern of tracer coupling only to its contralateral homolog (arrowhead) (E19;4dofexpression). F, G, Ectopic expression of INX6 in the T neuron (F;E24;9dofexpression) also leads to tracer coupling with the S-CI, whereas, expression of INX1 does not (G; E23; 8 d of expression). Scale bar, 50 m. H, Summary diagram showing the Hve-inx6 gene expressing S and CI cells (green), which are normally strongly electrically and dye coupled with one another (black resistors), while the R, P, and Leydig neuron, which do not normally express Hve-inx6, are not coupled to the S-CI (the T cell has a rectifying, non-dye-passing, synapse with the ipsilateral CI; black diode). However, upon ectopic expression of INX6, each of these cells now shows strong tracer coupling to the S-CI network (red resistors).
Expression constructs and neuronal expression. Full-length clones of
Hve-inx1, Hve-inx2, Hve-inx6, and Hve-inx14 (GenBank accession numbers AJ512833, AJ512834, DQ228703, and JQ231020.1, respectively) were generated by PCR and subcloned into a modified EGFP-N1 (Clontech) expression vector in which the CMV promoter was excised and the promoter of a leech cytoplasmic actin gene, HmAct1 (GenBank accession number DQ333328) inserted in its place (Baker and Macagno, 2006) . Cellular transformation was performed using a gene gun to deliver plasmid-covered gold particles (Shefi et al., 2006) , or by direct intranuclear injection in the intact developing embryo (Baker and Macagno, 2006) . Neurobiotin injections were performed as described by Fan et al. (2005) .
Immunocytochemistry on whole-mount embryos. Anti-INX2 immunocytochemistry was performed on whole-mounted embryos using a chicken anti-INX2 polyclonal antibody made against a synthetic peptide sequence (YRTKPFVERVEDVESV) located near the intracellular C terminus of INX2 and conjugated to KLH via an N-terminal cysteine. On tissue, the affinity-purified yoke was used at a 1:100 dilution in 0.1% Triton X-100 PBS containing 10% goat serum (PBX). Immunolabeling was visualized then with an Alexa Fluor 568 conjugate goat anti-chicken antibody (Invitrogen) diluted to 2 g/ml in PBX. For immunoblotting, total protein from whole embryos and adult CNS was extracted by trituration in lysis buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 50 mM NaF, 10 g/ml leupeptin, 1 mM PMSF, 1.8 g/ml aprotinin, and 0.2% Nonidet P-40) using a micropipette for 15 min on ice. Extracts were cleared by centrifugation at 15,000 ϫ g for 5 min at 4°C. Protein extracts were then resuspended in SDS-PAGE sample buffer, separated on 10% SDS polyacrylamide gels, and subjected to immunoblotting using a 1:1000 dilution of the antiserum and an HRP-conjugated goat anti-chicken antibody (Jackson Laboratories) at 1:10,000 and visualized with an enhanced chemiluminescence substrate (Thermo Scientific).
Results
We selected for transgene expression 4 of the 21 Hirudo innexins because of their different patterns of expression, as follows: (1) Hve-inx6, which is expressed by only three neurons in each central ganglion; (2) Hve-inx2, which is expressed by the packet, neuropil, and extra-ganglionic nerve glial cells; and (3) Hve-inx1 and Hve-inx14, which are expressed by most if not all neurons in both the CNS and PNS of the developing leech (Dykes et al., 2004; Dykes and Macagno, 2006; Samuels et al., 2010; Kandarian et al., 2012) . The gap junction proteins were expressed in cells beginning at mid-embryogenesis, by which time most neurons in the leech CNS have already undergone significant arbor differentiation and are beginning synaptogenesis (Tai and Zipser, 1999; Marin-Burgin et al., 2006; Todd et al., 2010) . After 2-18 d of further development, the transformed neurons were injected with Neurobiotin to assay their dye-coupling interactions.
Ectopic expression of INX6 results in novel coupling to the S-CI network
The three-neuron-per-ganglion Shortening-Coupling interneuron (S-CI) network defined by INX6 expression is the smallest we have identified (Dykes and Macagno, 2006) . Injection of Lucifer yellow or Neurobiotin into an S cell shows dye coupling to the local CIs (Fig. 1 A) and to the S-CI network in adjacent ganglia. The INX6 network propagates action potentials generated in S cells by sensory inputs along the ganglionic chain. Some of the sensory inputs, such as those from Touch (T) sensory neurons onto the CIs, are via rectifying electrical junctions (Muller and Scott, 1981) that do not allow dye diffusion from T to CI or vice versa. However, other cells like the Retzius (Rz) and Pressure (P) sensory neuron normally do not have any known direct electrical synaptic contact with either the CIs or the S cell (Baccus et al., 2000; Crisp and Muller, 2006) .
The Hve-inx6 transgene was expressed ectopically in neurons other than the CIs or the S neurons by direct nuclear injection (single cells) or using the gene gun (often yielding multiple expressing cells in a ganglion). In each instance, a single INX6-expressing neuron, identified by EGFP fluorescence, was injected with Neurobiotin to reveal its gap junctional coupling to other ganglionic cells. In all cases (N ϭ 19), the injected transformed neuron was found to have become dye coupled with the CI and S cells (Fig. 1 B-D,F ). This included both identified and nonidentified neurons. Among the identified cells were multiple instances of the Leydig cell (N ϭ 2) (Fig. 1 B) , the Rz cell (N ϭ 3) (Fig. 1 D) , and the P and T sensory neurons (N ϭ 2 and 3) (Fig. 1C,F ) . The few instances of transformed cells found not to be tracer coupled to the S-CI network were from ganglia shot with the gene gun where multiple neurons were expressing the transgene, and while the neuron injected with Neurobiotin displayed specific gap junction coupling with the S-CI network, some noninjected expressing neurons did (N ϭ 2) and others did not (N ϭ 3; Fig. 1C, arrow) . This is probably due to the failure of the Neurobiotin to migrate from the injected cell through the S-CI network in sufficient amounts to label the other cell at a detectable level, though a lack of physical contact with the S-CI's arbors is also possible.
Expressing other leech innexins, such as the pan-neuronal innexins INX1 (N ϭ 6; Fig. 1E ,G) or INX14 (N ϭ 3; data not shown) in these same neurons failed in all cases to lead to tracer coupling with the S-CI network or, in fact, to any other novel network.
These findings indicate that expression of INX6 can be sufficient for a neuron to connect with this unique cellular network. It is also worth noting that the participation in a novel circuit by the Rz, T, and Leydig neurons did not uncouple them from their normal gap junction-coupled cellular networks. Normal tracer coupling between Leydig or Rz cells and their contralateral homologs remained intact (Fig. 1 B, D, arrowhead) , as did coupling to small unidentified interneurons by T cells (Fig. 1 F, arrowheads) . Finally, these novel INX6-based couplings were not transient; altered dye coupling was observed as long as 2-3 weeks after transformation, when most of the results presented here were obtained (Fig. 1 D) .
Ectopic expression of INX2 results in novel neuronal coupling to the glial network
The second innexin expressed exclusively by a small network that we tested by ectopic expression in specific neurons was INX2, which normally is detected only in glial cells by either mRNA or protein staining.
The Leydig cell is normally strongly tracer and electrically coupled to its contralateral homolog, as well as ipsilateral homologs in adjacent ganglia (Keyser et al., 1982) (Figs. 1 B, 2A) , but detailed studies have failed to show any Leydig-glia or glia- Leydig electrical or dye coupling (Schmidt and Deitmer, 1999) . However, when tagged INX2 was ectopically expressed in one of the Leydig cells (N ϭ 2), this cell was observed to become dye coupled with each of the neuropile glial cells as well as to retain normal coupling with its contralateral homolog (compare Figs. 2 B, C, 3A, Neurobiotin-injected neuropile glial cell). This experimental coupling between the Leydig and glial cells can be contrasted with the Leydig's coupling to the S-CI network when it was ectopically expressing INX6 (Fig. 1 B) . De novo glial coupling was not unique to the Leydig cell, as similar results were obtained following the transformation of a variety of unidentified interneurons and sensory cells (Fig. 2 D-F ) . Of 10 neurons expressing INX2 that were injected with Neurobiotin, only three failed to show detectable dye coupling to the glial cells.
It is important to note that in the early developing embryo (ϽE12), transitory coupling has been described between the dorsal P neurons and the neuropile glial cells, a connection that disappears in older embryos (Marin-Burgin et al., 2005) . Furthermore, at the later developmental stages used by this study, there is normally no detectable passage of Neurobiotin from injected neuropile glial cells into neurons (Fig. 3A) .
Expression of the four tagged innexin transgenes produced fluorescent puncta within the arbors of expressing cells (Figs. 1 E-G, 2B), some of which we presumed to correspond to the location of the novel gap junction contacts. We were able to test this conjecture for INX2, the only leech gap junction protein for which we currently have an antibody that recognizes the protein in situ. SDS-PAGE immunoblots using this antibody label a band a little Ͻ55 kDa (the predicted size of INX2 is 46 kDa; Fig. 3E) . Expression of the Hve-inx2 transgene in one of the packet glial cells (N ϭ 3) reproduced the punctate pattern observed when staining the ganglion with the INX2 antibody ( Fig. 3B-D) , except with an additional diffuse perinuclear fluorescence, which we attribute to high expression levels of the transgene. A close-up (Fig. 3D ) of the anterior boundary of this glial cell reveals doublelabeled puncta in this cell as well as puncta labeled only by the antibody, the latter presumably endogenously expressed mostly by the neighboring glial cells. Singly and doubly labeled puncta appear equivalent in size and distribution.
Discussion
Selectivity among cellular networks as a result of gap junction protein expression has been demonstrated in many systems. For example, in the mollusc Clione, ectopic expression of a molluscan Inx gene has been shown to alter electrical coupling between identified neurons (Kelmanson et al., 2002) , and dye-passage experiments among retinal ganglion cells in Cx36 knock-out mice have shown that only some subtypes of ganglion cells lose their coupling (Pan et al., 2010) . However, because of the detailed cellular expression profile obtained for many of the identified cells in the leech ganglion (Dykes et al., 2004; Dykes and Macagno, 2006; Kandarian et al., 2012) , we have for the first time been able to show that such selectivity can be directly correlated with the expression of a particular innexin by a network of cells, INX2 and INX6, in the medicinal leech CNS. But what about the vast majority of circuits in an assembled collection of cells like those in the leech ganglion, many of which do not appear to have a unique Inx signature? One possibility is that other assembled circuits are specified by a combination of heterotypic gap junction hemichannels, which help determine which neurons do and which do not couple to one another.
While overexpression of the pan-neuronal innexin proteins in a neuron fails to create novel circuitry, Hve-inx1 and Hve-inx14 might still enable specific gap junction formation through interaction with specific complements of other innexins or with other recognition factors. Whether the other 11 innexins expressed in the CNS follow one or the other of these mechanisms to define participation in a gap junction-coupled network will require the extension of the experiments reported here to the other members of this large gene family. In this regard, it may be critical to consider that some connexins have been described to not actually form gap junctions but rather to inhibit other connexins from forming gap junctions (Chang et al., 1996) .
The inclusion of a neuron into an existing gap junctioncoupled network requires the close physical apposition of each of the participating cells. In the examples documented for the INX6 expressing T cells, a rectifying (non-dye-passing) synapse, going from the sensory T cell to the CI, has been described (Muller and Scott, 1981) , and chemical synaptic contacts have been reported in the case of the Rz or the P cell (Crisp and Muller, 2006) . Additionally, time-lapse imaging studies have shown that the processes of these leech neurons, particularly those of high-order terminal branches, remain dynamically active throughout development and into the adult animal (DeRiemer and Macagno, 1981) , providing opportunities for contacts to occur.
The types of cellular interactions described here are likely found in the nervous systems of animals from across the animal kingdom. However, it is worth noting that the large gene families of Inxs and Cxs arose independently and, among invertebrates, there is no evidence yet for orthologs between the different phyla (Phelan, 2005; Yen and Saier, 2007; Kandarian et al., 2012) . Thus, only developmental requirements and convergent evolution can assign common developmental functions to these genes. Conceivably, entirely different strategies could have evolved to handle similar choices in cellular connectivity. Many commonalities nevertheless do exist, such as the early establishment of electrical synapses before chemical ones in the leech ganglion, Drosophila, and, for example, among vertebrate spinal motor neuron pools (Chang et al., 1999; Curtin et al., 2002; Marin-Burgin et al., 2006; Todd et al., 2010) . Furthermore, many Cx-defined cellular networks have been described in the vertebrate brain, for example, among astrocytes in the cortex and hippocampus (Rouach et al., 2008) , and amacrine and retinal ganglion cells in the retina (Dedek et al., 2006; Pan et al., 2010) . Thus, we expect that the results obtained here could illuminate basic roles of gap junction proteins in other developing nervous systems, including those of vertebrates.
